periodically reaches a position uncertainty below 1 nm. In this case, stroboscopic detection must be used. Thus a single ion as a probe of the optical ®eld has the potential for atomic-scale resolution, and it does not disturb the ®eld to be measured.
An important issue, especially with regard to applications in cavity quantum electrodynamics (QED) is the question of how well the ion is localized in the optical ®eldÐthat is, how accurately the centroid of the ion's wavefunction may be determined. With the spatial variation of the local¯uorescence rate as the only parameter available from which to infer a change of position of the ion, the largest position sensitivity in our set-up is obtained at maximum slope of the standing wave. At this point, the localization Dx is completely determined by the signal-to-noise ratio SNR and the visibility V:
With a signal-to-noise ratio of 5:1, reached with an integration time of 200 ms at each point, a localization of approximately 16 nm or l/25 was measured. Even in the presence of noise, our measurement with a scanned single particle thus constitutes the most precise measurement to date of the spatial structure of an optical ®eld 6±9 . In principle, Dx could be further reduced if the signal-tonoise ratio were improved by using a longer averaging time.
As excellent spatial resolution is achieved without material support structures, a single ion is a valuable probe when minimal perturbations of the optical ®eld are desired. However, the technique of localizing an ion in a resonator has applications beyond subwavelength imaging. The interaction of a single atom with a single ®eld mode of a high-®nesse cavity has been the subject of a number of experiments in the ®eld of cavity QED 4, 5 . But most of these investigations have suffered from a lack of control over the position of the atom, which results in non-deterministic¯uctua-tions of the coupling between atoms and ®eld. In this context, the strong localization and position control, demonstrated here for a single ion in a cavity ®eld, is an important advance, and we expect that it will be a key to future progress in the ®eld. We plan to implement two experiments exploiting the localization of an ion in a cavity in our system. By pulsed excitation of a maximally coupled ion, single-photon wave packets may be emitted from the cavity on demand 16, 17 (single-photon gun). Under conditions of strong coupling, a single calcium ion in the cavity provides suf®cient gain to build up a laser ®eld 18 . Analogous to a single ion in free space, which has been shown to be an excellent source of antibunched light 10, 19 , radiation from a single-ion laser has non-classical photon statistics and correlations.
An equally attractive goal in the area of cavity QED is the simultaneous interaction of two or more ions with a single cavity mode. Owing to its linear geometry, our trap is well suited to storing multiple ions along the axis. As a ®rst test, we have placed an array of two ions in the cavity ®eld and observed the total¯uorescence. We succeeded in matching the ion crystal to the two maxima of the TEM 01 mode of the cavity. In such a con®guration, the cavity ®eld may be used to entangle the two ions 20, 21 . This is a promising alternative to schemes involving the ions' motional degrees of freedom, as there is no need for cooling the vibrational modes of the ion chain below the Doppler temperature. We consider that using a cavity to perform quantum operations on adjacent pairs of ions in a long chain is a viable route to a scalable quantum computer. For the development of future magnetic data storage technologies, the ultrafast generation of local magnetic ®elds is essential. Subnanosecond excitation of the magnetic state has so far been achieved by launching current pulses into micro-coils and microstriplines 1±6 and by using high-energy electron beams 7 . Local injection of a spin-polarized current through an all-metal junction has been proposed as an ef®cient method of switching magnetic elements 8, 9 , and experiments seem to con®rm this 10±13 . Spin injection has also been observed in hybrid ferromagnetic± semiconductor structures 14, 15 . Here we introduce a different scheme for the ultrafast generation of local magnetic ®elds in such a hybrid structure. The basis of our approach is to optically pump a Schottky diode with a focused, ,150-fs laser pulse. The laser pulse generates a current across the semiconductor±metal junction, which in turn gives rise to an in-plane magnetic ®eld. This scheme combines the localization of current injection techniques 11±13, 16 with the speed of current generation at a Schottky barrier. Speci®c advantages include the ability to rapidly create local ®elds along any in-plane direction anywhere on the sample, the ability to scan the ®eld over many magnetic elements and the ability to tune the magnitude of the ®eld with the diode bias voltage. Figure 1a shows schematically the junction used in this experiment. It consists of an n-doped GaAs(001) substrate with a 12-monolayer-thick (12-ML) Co 25 Fe 75 ®lm grown in ultrahigh vacuum 17, 18 . A 30-ML gold cap layer is deposited to protect the sample from corrosion, as the experiments are performed at ambient pressure. Static Kerr measurements show a square hysteresis with a coercive ®eld of ,24 Oe for a ®eld applied along the easy, [110], in-plane direction. An ohmic contract is attached to the bottom of the device, and a voltage can be applied between the top metallic ®lm and the GaAs substrate. The ultrashort light pulses (,150 fs) from a mode-locked Ti:sapphire laser are used for two distinct purposes: (1) as a pump: the laser pulse with ,800 nm wavelength is focused to a spot of ,2 mm diameter (energy per pulse is 0.5±1.5 mJ cm -1 ). This beam produces the magnetic ®eld pulseÐas we will explain later in detailÐrequired to tip the magnetization vector out of its equilibrium state. (2) As a probe: after frequency doubling, the pulse is directed through the same polarization-conserving objective (spot size ,1 mm, energy per pulse ,0.75 mJ cm -1 ). The change of polarization of the re¯ected light is used to detect the perpendicular component of the magnetization via the magneto-optic Kerr effect in the polar geometry 4 . Various ®lters are used to protect the detector from the re¯ected pump beam. For detection, the pump beam is mechanically chopped at a frequency of 1.6 kHz, and the signal is measured with a Wollaston prism followed by two photodiodes forming a bridge using lock-in techniques. To avoid overheating the optical components and the sample, we do not use the full ,76-MHz laser repetition rate: this rate is reduced by a pulse picker, which works at a maximum rate of ,4.76 MHz. By varying the time delay between pump and probe pulse, we can measure the time evolution of the perpendicular component of the magnetization vector with picosecond accuracy 4 . In addition, the pump pulse can be misaligned by ,1 mm with respect to the probe pulse, so that the pump pulse can be positioned within a small circle around the probe pulse (Fig. 1a) .
Assuming that the pump pulse launches a current through the junction perpendicular to the ®lm plane, the resulting magnetic ®eld lines should be circles in the plane of the junction centred around the pump-pulse location (Fig. 1b) . The magnetization of the ®lm is in the same plane along the easy [110]-direction (arrows in Fig. 1b) : thus, along a circle, all angles between the equilibrium magnetization vector and the pulsed magnetic ®eld vector are realized. At locations where the ®eld is parallel or antiparallel to the magnetization, M 3 H 0, no torque acts on the equilibrium magnetization vector and no excitation takes place (locations marked A and B in Fig. 1b ) (some residual magnetic excitation remains, owing to slight misalignment of the beams or a residual perpendicular magnetic ®eld component). In contrast, at locations where the magnetization is perpendicular to the applied ®eld pulse, the torque is maximized and deviations from the equilibrium con®guration are optimally excited, leading to ferromagnetic resonance (FMR)-like oscillations (locations C and D in Fig. 1b) . If the pump and the probe beam are aligned to the same point on the sample, only small oscillations of the magnetization are observed, owing to cancellation and/or decreasing strength of the magnetic ®eld (E in Fig. 1b) . On the right-hand side of Fig. 1b , we have plotted the magnetic ®eld pro®le as a function of the relative position of pump and probe laser beams, calculated by inserting in Ampe Áre's law the measured laser spot size and assuming a gaussian current pro®le. The strength of the ®eld will be discussed below. The magnetic ®eld produced in the device shown in Fig. 1 is indeed capable of triggering precessional motion in the magnetically active side of the device. In Fig. 2a we report the oscillating perpendicular component as a function of the time delay between pump and probe pulse in the ®ve different regions of Fig. 1b. As expected, the largest oscillating component is observed in the regions of maximum torqueÐsee traces C and D. We note a crucial detail of traces C and D: they are out of phase by p. This phase shift mirrors the opposite sign of the torque in regions C and D. Further evidence that the traces in Fig. 2a describe precessional motion in the ferromagnetic ®lm is provided by the dependence of the oscillation frequency measured at position C on a static magnetic ®eld H along the easy axis (Fig. 2b) . The analysis of static Kerr magnetometry reveals the existence of a large uniaxial anisotropy (anisotropy ®eld H u 570 6 80 Oe). Neglecting a smaller contribution to the anisotropy energy due to a quartic component (H 1 13 6 5 Oe), we can use Kittel's expression for the FMR frequency 19 as a ®t to our data: qH g H H u H H u 4pM s eff p , M s being the saturation magnetization. The continuous line through the data points in Fig. 2b was constructed using Kittel's equation with 4pM s eff 15 kOe (determined by superconducting quantum interference device (SQUID) magnetometry) and g 2 g e g=2 (g e being the gyromagnetic ratio of the electron) and g the Lande Â factor. As a consistency check, we have determined, from the ®t, that the g-factor for the CoFe alloy is ,2.0, which is a plausible value for a ferromagnet consisting of Fe and Co. Essentially, in the applied ®eld regime used in Fig. 2b , the value of the precessional frequency is well accounted for by the internal ®elds given by the uniaxial magnetic anisotropy and the shape anisotropy. Note that reducing the intensity of the pump beam by a factor of three leaves the precessional frequency unchanged. We conclude that the excited perpendicular component is small enough to justify the use of Kittel's equation, and that the magnetic properties of the ferromagnet are not modi®ed by the pump beam on the timescale of the precession 20, 21 . The experimental results of Fig. 2 show the development of a sizeable ultrashort magnetic ®eld at the Schottky junction upon local current injection. We now estimate the strength of the magnetic ®eld. The key mechanism leading to photocurrent is the excitation of electron±hole pairs by the pump laser. The electric ®eld in the depletion region of the Schottky barrier separates them, the holes being injected into the ferromagnet, and the electrons being swept into the semiconductor, thus producing a current. A second contribution to the transient current pulse are the electrons which are emitted from the ferromagnet into the semiconductor. This second contribution might be as important as the hole injection, and cannot be distinguished in the present experiment. The extra charge induced by the laser pulse modi®es the re¯ectivity R: measuring R as a function of time can be used to follow the time evolution of the extra charge (Fig. 3a inset) . We observe a sudden increase of R(t) due to carrier creation, followed by a slower exponential decay Rt R 0 e 2t=t . As the current I(t) equals thē owing charge per unit time, we can estimate the transient current from the derivative of the decaying re¯ectivity signal: It~1=te 2t=t . The total number of carriers per pulse (determined from the macroscopic photoinduced currentÐin the present case, ,20 mA at zero bias voltage) leads to a magnetic ®eld that rises within a few picoseconds to a peak value which we conservatively estimate, using Ampe Áre's law, to be ,25 Oe at zero bias voltage and decays with a time constant related to t. As the maximum ®eld scales with 1/t, we expect roughly a doubling of the maximum ®eld strength when the bias voltage, U s , is reduced from 0 to #-1.5 V and a corresponding doubling of the amplitude of the oscillations. This estimate is in line with the data of Fig. 3b (see below) . (We have used the Landau± Lifshitz equation to estimate the role of the exponential factor in determining the amplitude of the oscillations, and found that in the temporal range of interest (60±200 ps) the oscillation amplitude only depends on the prefactor, thus justifying our statement that the maximum ®eld`scales' with 1/t.) Note that the linearity of the precessional motion excludes magnetization reversal. The absence of reversal is not surprising, as the ®elds required for precessional reversal are of the order of the anisotropy ®eld 7 . The magnetic ®eld can be tuned by varying the voltage across the Schottky barrier. Figure 3a shows that the decay time t depends on the voltage applied across the barrier. This is due to the generated carriers 22 separating within the Schottky barrier, reducing the builtin electric ®eld and thus delaying the sweep-out time. At low pumping power (,0.5 mJ cm -2 ) the space-charge effect should be negligible, the sweep-out being dominated by the built-in ®eld, and no strong dependence of the sweep-out time on applied voltage is expected. Indeed (Fig. 3a, open circles) , t is almost independent of the applied voltage. In contrast, at high pumping power (1.5 mJ cm -2 ) the space-charge effect is more drastic, leading to a strong reduction of the total electric ®eld in the depletion region for U s $ 20:5 V and a consequent strong dependence of t on the applied voltage (®lled circles in Fig. 3a ) 22 . The voltage dependence of t produces a voltage dependence of the current, which is observed by measuring the amplitude of the FMR-like oscillations as a function of U s (in Fig. 3b at position C) . Again, we consider a high pumping power (®lled circles) of 1.5 mJ cm -2 and a pumping power reduced by a factor of about three (open circles, 0.5 mJ cm -2 ). In this ®gure there are two voltage ranges: in one range (U s # 20:6 V)Ðthe reversed bias voltage range in the diodeÐthe amplitude is almost constant, and scales roughly linearly with the pumping power. In this range, the whole system formed by the Schottky barrier and the magnetic ®lm acts in a linear way. In the other range (U s $ 20:6 V)Ðat high pumping powerÐthe amplitude decreases until U s < 0:4 V (we did not apply higher voltages to avoid damaging the diode because of the high d.c. current¯ow). For low pumping power the amplitude does not show a signi®cant change, and the curves for high and low pumping power begin to approach each other for U s $ 20:5 V. Notice that, when U s changes sign, the oscillation neither reverses its sign nor vanishes. Evidently, we are dealing with a Schottky junction, where, even at positive voltages, the bands are still bent in the depletion region (see the band scheme in Fig. 3c ). At high pumping power, the drop of the oscillation amplitude coincides with the increase of the carrier sweep-out time. With increasing carrier sweep-out timeÐ but at constant number of carriersÐthe maximum magnetic ®eld strength decreases, and thus the oscillation amplitude should decrease as observed. For low pumping power, only a very weak decrease of the amplitude can be picked up in our experiment, coinciding with a moderate increase of the sweep-out time.
We conclude that this Schottky diode works as a voltage-dependent`magnetic ®eld pump'. The most straightforward application of this approach to ultrafast production of magnetic ®elds is in the emerging experimental ®eld of precessional dynamics. Because of the high degree of integration, our device avoids all the usual constructions required when a magnetic ®eld that has been generated in an ultrafast fashion is brought to a magnetic element from a distant source. The ®eld pulse is not distorted by re¯ections in mismatched electrical waveguides that transport current pulses from the source to a magnetic element, as the pulse is generated within the magnetic element itself. As the maximum induced magnetic ®eld scales with the reciprocal of the spot size, reducing the size of the light spot or using hybrid junctions laterally patterned to nanometre diameters might produce suf®ciently strong ®elds to excite precessional switching. 
